Many of the largest fixed sources of CO 2 emissions are major power stations located on or very close to major coalfields. Even when local coal reserves are exhausted, coal-and/or biomass-fired power generation often persists at such sites, as they occupy pivotal positions in the national power grids that developed around them. To date, strategies for CO 2 sequestration from such power plants have focused on long-distance transport by pipeline to depleted hydrocarbon reservoirs and similar deep saline aquifers. Yet where abandoned coal mines extend more than about 800 m below ground level, the void space represented by the old mine voids themselves, and roof strata that have been rendered more permeable by void collapse, could represent convenient auxiliary loci for CO 2 sequestration. Furthermore, the geochemical nature of coal and coal-bearing strata may offer mechanisms for entrapment of injected CO 2 in or on the solid phase that are not available in potential storage zones considered to date. Engineering evaluation of this possibility requires consideration of the likely fate of CO 2 in free, adsorbed, dissolved, and mineralized forms, and of the geotechnical integrity of enclosing strata and abandoned mine infrastructure that could serve as seals to trap injected CO 2 in place. A protocol for assessing these factors has been developed, based on critical evaluation of mining records, hydrogeological conditions, and geotechnical data, resulting in a quantitative assessment of the capacity for CO 2 sequestration represented by deep abandoned coal mine workings. Preliminary application of the decision logic is illustrated for the Daning coal mines in China.
Introduction
CO 2 capture and storage is one method of reducing anthropogenic greenhouse gas emissions. CO 2 can be captured from a variety of anthropogenic sources such as power plants, or large industrial, and either stored in geological reservoirs. There are a number of potential geological reservoirs that can be used to store captured CO 2 , which include depleted and disused oil and gas fields, deep saline aquifers, and deep unmineable coal seams, 1,2 and long-distance CO 2 transport by pipeline to the sequestration site is needed. However, abandoned coal mines are located on or very close to major power stations. Coal remains a significant source of energy regardless of the fact that coal-fired thermal power stations are the largest single point source of CO 2 emissions. As depletion of coal resources and or localized problems with mining technology and geological conditions arise, there will inevitably be more and more closures of underground coal mines. 3 Currently, there are abandoned coal mines all around the world: the United States has 7582 abandoned mines, some of which host gas extraction operations 4 and Britain, Germany, and the Ukraine have started gas extraction and utilization in abandoned mines. [5] [6] [7] By 2020, the number of closed state-owned coal mines in China is expected to be nearly one thousand, many of which have a depth of over 800 m. One of the carbon storage opportunities is sequestration in deep abandoned coal mines.
An abandoned mine is a highly modified geological body that is generally well-studied and provides new opportunities for long-term geological storage of CO 2 .
. Residual void space and coal quantity in an abandoned mine can be quantified from mining data. The host rock in abandoned coal mines could store injected CO 2 in pore spaces enhanced by fractured zones around man-made void spaces.
11
. Void spaces in abandoned mines have larger free volumes and permeabilities than the original coal bed. CO 2 injection into void spaces in abandoned mines mitigates the issue of swelling in coal and its consequent decrease in permeability. 12, 13 In addition, adsorption of CO 2 in extant coal could enhance the production of methane that could be used to offset injection costs. . The CO 2 leakage risk from abandoned mines has been tested by natural gas storage projects. 14 In Belgium and the United States, abandoned coal mines have been used for the seasonal storage of natural gas since the 1960 s. 4 The potential leakage points for CO 2 have been recorded and researched during natural gas storage, which provides the foundation for mine sealing before the mine is abandoned.
. There are plenty of abandoned mines and they are usually located close to major CO 2 release sources. Abandoned coal mines could play an important role in the sequestration of CO 2 . In addition, a mine shaft may be re-used as a CO 2 injection well. In summary, an abandoned mine offers large void spaces, better geological data than a greenfield site, and the potential for additional methane extraction, proximity to emission point sources and re-use of infrastructure.
As the depletion of coal resources and /or localized problems with mining technology and geological conditions arise, there will inevitably be more closures of underground coal mines and increased availability of mines for CO 2 storage. This paper provides preliminary guidance on a number of issues associated with CO 2 trapping mechanisms, the risks posed and storage capacity estimation for CO 2 sequestration in abandoned coal mines. It is being followed by further more detailed work looking at practical implementation of the concepts and guidelines described in this paper.
CO 2 storage space in and around abandoned mines
Pure CO 2 could be stored mainly in the dry residual space of an abandoned coal mine. The void volume of an abandoned mine consists of the following elements:
1. The residual volumes of the underground connec-
tions and the open fractures in the goaf and collapsed areas, as well as the cavities and spaces created by the fracturing of the strata surrounding the workings. Such spaces arise because the strata above the goaf will de-stress in the process of coal mining, leading to the collapse of the immediate roof, which further results in further subsidence of the basic roof (in the shape of a masonry-type structure consisting of fractured blocks). As the mining progresses, the overlying strata of the goaf keeps fracturing and caving in, leading to the generation of various cavities, which include gaps between rubble. If cracks in the overlying strata were to lead to fractures reaching the ground surface then storage integrity would be compromised ( Figure 1 ). 11 2. The remaining open vertical or horizontal spaces and porosity of the main shaft and air shafts, major roadways, their surrounding loading and storage platforms and the vertical (coal) transport connections between the different mining levels might all be available for storage (Figure2). When a mine is abandoned, methane and underground water stored in the remaining coal-and gas-bearing strata flow into the residual mine void. The void volume of an abandoned mine consists of the residual volumes of the underground connections and the open fractures in the goaf and collapsed areas, as well as the cavities and spaces created due to the fracturing of the strata surrounding the workings. The abandoned mines may be partially or completely flooded if they are connected to aquifers, and the degree of flooding will change over time until equilibrium water levels are attained.
The residual mine voids form a substantial underground reservoir for free gas, which is equivalent to Figure 1 . After longwall coal mining, following the removal of the coal, the rock mass overlying the seam is deformed and forms goaf and mining fracture, which constitute the main residual void for CO 2 sequestration.
25-35% of the total volume of coal extracted, as shown by various surveys and demonstrated during mine flooding. 15 The backfilled and goaf areas of the formerly mined panels can contain effective porosities of 3-8%. 16 These investigations also show that the backfilled panels have a larger porosity than the surrounding, unmined rocks and are permeable. Estimating the void volume left in underground developments is difficult, in part because the degree to which these residual voids will shrink over time depends on the residual stress, the geometry of the openings, and the support methods used.
CO 2 sequestration state in abandoned mines
Abandoned coal mines can be regarded as highly permeable and isolated artificial geological reservoirs that are suitable for CO 2 sequestration. Once injected into abandoned coal mines, CO 2 is trapped as a dense free gas in the residual mine voids, adsorbed on and absorbed in the coal and trapped by dissolution in the formation water.
Free (CO 2 ) state
The part of the residual space in an abandoned coal mine that is not flooded can be suitable for pure CO 2 storage or mixed CO 2 /CH 4 storage. The weight for CO 2 sequestrated in this way depends on the CO 2 density and the nonflooded residual volume. The density is determined by pressure and temperature (P-T) for the mine, and can be calculated from a suitable state equation. When CO 2 is injected into deep abandoned coal mines (>800 m depth), the P-T conditions could be suitable for the storage of supercritical CO 2 . CO 2 exists in a supercritical state above 7.38 MPa and 31.1 C, which is likely to be encountered at depths more than 800 m below the surface. The critical point of CO 2 is the transition zone for CO 2 in the P-T regime, where significant changes in the hydro-dynamic properties of CO 2 occur for relatively small fluctuations in the P-T conditions near the critical point ( Figure 3 ). The free (CO 2 ) state volume can be calculated using the real gas equation. The injected free-phase CO 2 will, due to buoyancy effects, rise up and then concentrate under the cap rock, gradually spreading out under the cap rock producing abandoned mine rock fractures.
The hydrostatic pressure of the stratum can reach the critical pressure at a depth of 800 m, while the stratal temperature, which is affected by the geothermal gradient, can reach or exceed the critical temperature of CO 2 at this depth. These data are based on the ideal condition of pure CO 2 . However, when CO 2 is mixed with other fluids (gas or liquid), the corresponding mixed critical point will also change. For instance, in the case of mixtures of CO 2 and CH 4 , the critical temperature decreases, while the critical pressure increases relative to pure CO 2 . Under the conditions of CO 2 storage in abandoned coal mines, it is possible to determine whether CO 2 reaches its critical point according to the depth and the formation temperature. Other influences such as gas components and water will also change the critical point of CO 2 . Because of the high density and high diffusion capacity of supercritical CO 2 , it is necessary to effectively block possible CO 2 leakage from the fractures, the mine workings and the injection wellbore.
Adsorption CO 2
Adsorption is the predominant trapping mechanism for CO 2 storage in the abandoned mine. Since the total internal surface area of coal is high due to its microporous structure, adsorbed CO 2 is generally significant. The large specific surface area of coal due to its microporous structure (100-150 m 2 /g) indicates a vast potential for CO 2 sequestration. This depends on the type of coal and also the amount of coal available for adsorption.
The adsorption isotherm can be determined according to the volumetric, material balance, or chromatographic methods. Based on the well-known Langmuir relationship, gas excess (Gibbs) sorption capacities at low pressures can be approximately determined. However, by substituting the pressure term in the modified Langmuir (ML) equation with a density term, for coal under supercritical conditions, the temperature and pressure range isotherms can reportedly be extended. 18, 19 The experimental data were fitted with the ML model using density as a variable
where n max is the adsorption capacity (mmol/g); b is the Langmuir pressure (mmol/g); is the volume accessibility of the coal by the gas compared to that accessed by helium (but also including the errors in determination of the free space volume of the cell); and gas is the density of the adsorbed phase (mol/ L), with a value of 22.6 mol/L of CO 2 applied to the model in this study. 21 In general terms, the excess sorption capacity n ex can be expressed as a function of ''absolute'' sorption capacity n absolute and the density ratio of the ''free'' gas and the sorbed phase according to 22 n ex ¼ n absolute 1 À gas adsorption ð2Þ Figure 4 shows the total CO 2 uptake, as a function of the bulk density, along with measured values, and model predictions (solid lines) obtained by fitting the ML model to experimental data.
CO 2 dissolved and mineral carbonation
CO 2 has a relatively high solubility in abandoned mine water, and therefore the flooded volume of a mine may contribute to the CO 2 sequestration capacity. However, the solution is much less efficient than pure free state CO 2 .
8 CO 2 dissolves in subsurface fluids (solubility and ionic trapping) and may then be involved in chemical reactions with the rock matrix (mineral trapping). The most basic chemical reactions that lead to solubility trapping and mineral carbonation are
Though more complicated reactions might react with calcium-and magnesium-rich minerals, 23 all the mechanisms of chemical trapping not only depend on coal, flooded water, and rock amount, which is suitable for reactions, but also on the area of contact between free-phase CO 2 and coal, water and mineral, or even on CO 2 saturation on the interface. Basically, an increase in pressure will increase the solubility, whereas increased salinity has the opposite effect. The latter is referred to as the salting-out effect. An increase in temperature may either increase or decrease solubility, depending on the prevailing pressure. 24 The competing effects of pressure, temperature, and salinity generally result in an increasing solubility of CO 2 in formation waters with depth.
It takes hundreds or even thousands of years for CO 2 to dissolve into flooded water and to be trapped Figure 3 . Variation of CO 2 density and gas compressibility factor as a function of pressure and temperature according to Span and Wagner. 17 by mineral carbonation, the timeframe of which was much longer than the injection phrase of CO 2 geological storage, thus similar mechanisms have little effect on CO 2 trapping. However, since the CO 2 is stored in the pore space and not mobile anymore, storage security is highly increased. 25 The geological selection of abandoned mines for CO 2 sequestration CO 2 sequestration in abandoned coal mines can be regarded as a special case of gas storage. However, specific conditions have to be met in order to allow the stored CO 2 to be considered as sequestered (stored for a geologically long period of time) and these must be adapted for use with abandoned coal mines. CO 2 leakage risk due to long-term CO 2 migration could be a larger concern and one must therefore determine the amounts of CO 2 retainable by different trapping mechanisms. Stresses during coal mining will be induced in the overlying and underlying rock strata and these could cause faulting and possible migration pathways out of these coal seams. If CO 2 is injected with too high an overpressure it might fracture the previously intact cap rock.
Geomechanical aspects for CO 2 safe storage
Coal mining induces different stress zones in front of the working face of coal-with relief stress zone, abutment stress zone, and recovered stress zone from the initial in situ stress state. 26 During this coal mining process, the stress path experiences the loading of axial stress and the simultaneous unloading of confining stress. The abutment stress increases and the horizontal stress decreases simultaneously along with the removal of the working face, which was the real mining-induced stress environment roof of coal seam and rock 27 ( Figure 5 ). In accordance with the Mohr-Coulomb failure criterion and an X-ray CT scan, the X-ray CT scan experiments are performed during unloading under stress path and effective confining pressure. The CT values and CT scan images obtained from the X-ray CT scan experiments are used to analyze the damage development, 28 this unloading shifted the Mohr's stress circle closer to the failure envelope ( Figure 3 ). The axial stresses were all loaded to the same value, whereas the Mohr's circle for coal under the CT test was below the failure envelope, where it became larger and approached the failure envelope. Therefore, the unloading of confining stress would lead to the failure of the coal seam, which can be observed from the CT images in the different confining stress extent. The vertical extent of coal and rock damage is correlated not only with the thickness of the worked coal seam but also with the strength of the roof strata and stress unloading extent in the abandoned mine.
One of the concerns with CO 2 sequestration is the generation of new fractures or reactivation of existing fractures and faults caused by an increase in pore pressure associated with the CO 2 injection into the storage formation. If the rock undergoes shear failure and new fluid conduits are the rock undergoes a shear failure and conduits are initiated, mitigation, either through ceasing injection or stopping the leak, becomes the primary interest. The main leakage risk of CO 2 through a thick, low permeable cap rock is along existing wells or through faults and fractures. The critical pore pressure and coal mining stress that may cause slip on pre-existing faults, P S , can be calculated from the ratio of principal stresses that would cause frictional sliding on cohesionless, optimally oriented faults. 29 By consideration of the Mohr circle diagram in Figure 5 (II)
where 1 and 3 are the maximum and minimum principal stresses, respectively, and ' is the angle of internal friction. CO 2 injection will produce higher pore fluid pressures, and CO 2 can penetrate into smaller pores, eventually resulting in a change of geo-stress, similar to ground water fracturing. There is high porosity in abandoned mines and after the injection of large amounts of CO 2 , as it migrates from the injection wells to the surrounding area, as the pore pressure increases. The effective stress distribution in some areas of the abandoned mine will be changed, 30 due to the heterogeneity of the strata and differences in depth, and the shaft will be destroyed. After the original shaft in the mine is abandoned, due to the subsidence of the strata and the rebalancing of the ground stress under the action of stress deformation, the original underground roadway will shrink. This produces new cracks, and some of those cracks may connect with the original shaft, acting as a channel for CO 2 migration and possible leakage. Carbon dioxide dissolved into water will form carbonic acid, which will react with or corrode the cement casing of the shaft, potentially forming another leakage channel.
Injected dense phase CO 2 will tend to migrate upwards where it should be securely trapped beneath an impermeable rock, which acts as a seal. CO 2 accumulated in the underground mine voids tends to migrate to the surface in significant quantities when the pressure within the reservoir is greater than the atmospheric pressure prevailing at the ground surface. Above abandoned longwall workings, the fracture system that develops can provide migration paths to the surface, particularly where the workings are shallow or not confined beneath a low-permeability rock layer.
The leakage mechanisms of CO 2 stored in an abandoned coal mine are:
1. The extent of vertical fractures of the goaf (caving, fracture, and bending) zones after coal long-wall mining. 31 It has been estimated that the three zones of disturbance may extend up to 150-170 m into the roof rock and 40-70 m below the seam being worked. 14 2. There need to be an effective cap that prevents CO 2 from leaking from the abandoned mine. Mudstone of suitable thickness and lateral extent can provide a secure cap rock. 3. The faults could provide leakage pathways during CO 2 injection or mining reactivation.
Hydrogeology of abandoned coal mine
Mining activity has a great effect on the hydrogeology of an area, and can also alter the natural surface water hydrology. A series of processes are associated with mine closures as water drainage and ventilation are stopped and the reservoir tends to stabilize at its new found natural conditions. Withdrawal of hundreds of liters per second of water, a common pumping rate for mining operations, results in an unnaturally rapid change in the groundwater system creating a cone of depression in the water table. 32 Mining has to be accompanied by pumping to remove the excess groundwater. In time, groundwater can be removed from a large geographical area leading to a depressed water table or piezometric level. Termination of dewatering results in water table recovery, which reduces the volume available for CO 2 to accumulate and forces the CO 2 to migrate to shallower abandoned mine workings. Experience shows that the total rebound period may vary from a few months for relatively small mine systems to several decades for regionally interconnected coalfields. In order to prevent mine flooding, the storage pressure should be higher than the hydrostatic pressure of the surrounding strata. This overpressure is typically around 130% of the hydrostatic pressure, 8, 33 but would need to be less than pressures that could compromise seal integrity or membrane capacity.
The flow of formation waters from a coal seam used for CO 2 sequestration can result in CO 2 dissolving in or reacting with the water. The CO 2 and the reaction products such as carbonic acid, bicarbonate ions, and carbonate ions can be subsequently transported from the coalbed and migrate into areas of lower pressure, where the CO 2 can be released as a gas and migrate to the surface. 34 Large volumes of CO 2 have escaped over geological time due to the higher solubility of CO 2 in water and its subsequent hydro-migration away from sites of origin.
With increasing time, the unbalanced distribution of the ground stress and the difference of the underground fluid potential caused by the original mining, the geo-stress and the fluid will come to a new equilibrium state after the mine is abandoned. All these factors will have an impact on the CO 2 storage. The rebalancing of the ground stress might result in the closure of the original fractures or the generation of new fractures, thereby reducing the amount of free CO 2 storage. Any surface subsidence caused by mining will produce new conduction cracks, adding channels for CO 2 leakage. After the mine is abandoned, surface or groundwater will flow into the mining space through the mining fractures, or even submerge the remaining space of the abandoned mine. Thus the abandoned mine will lose the capability of sealing the free CO 2 when it is injected. The adsorbed and free CO 2 will migrate to the upper part of the submerged space under buoyancy, or even leak through fractures. A small fraction of CO 2 will dissolve into water, the amount being determined by the temperature, pressure, water solubility and other parameters.
The prediction of safe CO 2 long-term sequestration capacity in the abandoned mines
The prediction of the CO 2 sequestration capacity in abandoned mines is different from conventional reservoirs, since CO 2 can be stored free state, in adsorption, in dissolution and as mineral carbonation. Therefore, before establishing a theoretical model to predict the amount of CO 2 sequestration and the CO 2 storage risks in abandoned mines, the following parameters related to abandoned mines should be obtained:
1. Time since abandonment, the residual volumes and hydrogeology condition of abandoned mine will change as the time. 2. The shape, size, and porosity of space in and around the abandoned mines. 3. The thickness and spacing of each coal seam.
4. The gas adsorption characteristics, residual coal seam gas pressure, and coal seam permeability. 5. The geological and hydrogeological conditions in the abandoned mine.
Considering various coal mine properties and in situ conditions, such as overlying seal rocks, faults and hydrogeology in the mine, based on these data, an empirical protocol that can estimate the storage capacity is proposed (Figure 6 ).
1. Basic parameters of mine for CO 2 storage (e.g. extraction coal areas and amount for coal sorption, and mining method). The void end state is key data for CO 2 sequestration capacity: the geological and hydrogeological conditions are evaluated to see if it is suitable for CO 2 sequestration. Safety assessment of CO 2 storage requires therefore a precise understanding of the transfer mechanisms through the shaft and its sealing system. 2. The gas in the abandoned mine is commonly composed of mainly air (O 2 and N 2 ), methane and trace amounts of carbon monoxide, where the air is derived from the production process or air leakage, while the methane is the free gas desorbed from the coal seam. With increasing time, the oxygen will gradually decrease because of oxidation of the organic matter in the abandoned mine. When CO 2 is injected, there will be competitive adsorption between CO 2 and the methane adsorbed in coal. At the same time, because the density of CO 2 is greater than that of methane and N 2 , CO 2 will drive methane and nitrogen to the upper space of the abandoned mine. This also helps to increase the methane recovery from the abandoned mine by injecting CO 2 , through the ground drilling drainage. The methane concentration can reach more than 50% and the utilization of this methane could help offset the costs of storage. 3. Once a coal seam is mined out, the roof may be prone to collapse and, if it is unsupported, the roof will fracture into blocks periodically. These fractured blocks may hinge against each other to form a masonry-type structure and then gradually subside. Although the basic roof generally consists of several strata with different strengths, thicknesses and loads, typically there is only one main key stratum (KS) and several key strata in terms of ground control. 11 The roof fracture zone is assessed to be up to several times the mining height under key strata control, and whether the fracture zone has a connection to the surface or shaft can be evaluated according to key stratum theory. 4. The rate of water inflow to the mined system is also a key control parameter. The maximum rate of inflow actually encountered in the workings tends to be readily obtainable from mine operators, or from records of pumped discharges kept by regulators. In interpreting these records, it is important to take into account any water that was artificially imported to the mine for process purposes. 5. The deformation of the rock zone around the fault plane and the ground at the outcrop of the fault will focus, leading to fractures extending to the ground, which may result in CO 2 leakage from the abandoned coal mine. ''The fault is a kind of weak structural plane, which has a significant effect on the stability of overburden strata with CO 2 injection into steeply inclined coal seams. The existence of large number of faults significantly affects the regular arrangement of mining area and impacts the normal displacement pattern of overburden strata, which results in a much more complex pattern. Since the hardness of the fault zone is much lower than the rock near it, as the faults move, shear slip along the fault plane occurs quite easily, a phenomenon called fault activation''. 35 6. Coal has a double-pore structure with pores and fractures. After being injected into the abandoned mine, CO 2 will be adsorbed into the coal matrix through seepage-diffusion, so the equilibrium time of CO 2 adsorption in coal is related to the seepage-diffusion velocity of the coal. The seepage of CO 2 into coal is described by Darcy's law. The seepage velocity depends mainly on the permeability, which in turn depends on the fractures opening in the coal, the relative size of the pore diameters and the mean free path of CO 2 molecules. Gas diffusion in porous solids can vary between molecular species due to differences in their rates of molecular diffusion, Knudsen diffusion, Poiseuille flow, and/or surface diffusion, depending on the diffusion mechanism. The diffusion coefficient of CO 2 depends on the coal type, 36 while the gas temperature and pressure, and the size of coal particles, will also affect the diffusion coefficient. Adsorption of CO 2 is one mechanism of CO 2 storage in an abandoned mine, but the storage speed is mainly determined by the CO 2 seepage-diffusion rate. 37 7. It is difficult to estimate the void volume left in abandoned mines. The degree to which these residual voids will shrink over time depends on the residual stress, the geometry of the openings, and the support methods used. The residual empty space creates an underground reservoir with a volume that ranges from 25% to 35% of the volume of the total coal extracted. The gas pressure behavior of a complex abandoned coal mine reservoir during recharge periods, as well as under active gas extraction conditions, may be described using a void-resistance model, 38 and this may be suitable for estimation of the abandoned mine void volume (V)
where R A is the equivalent recharge resistance coefficient, R B is the equivalent leakage resistance coefficient, P 0 S is the apparent abandoned mine source/sink pressure, and is the time constant under recharge conditions. Furthermore, it can be shown that parameters P 0 S and may be determined by fitting the historical reservoir pressure data during recharging periods.
(8) Estimates of storage capacity must take into account the range of trapping mechanisms that are possible at each site, by estimating different CO 2 storage components such as free gas, dissolution, and adsorption
where M v is the mass of CO 2 stored in the voids as a free gas (t), M w is the mass of CO 2 dissolved in water (t), and M ads is the mass of CO 2 adsorbed on remaining proven reserves (t). The abandoned mine void is obtained from equation (4), and the M v is estimated through the void and P-t conditions of the abandoned mine according to equation (5); M ads is obtained by the mass in the abandoned mine void (V) and the adsorption Langmuir equation, and the supercritical CO 2 or gaseous CO 2 state is determined by the pressure and temperature of abandoned mine; M w is estimated by using a reservoir simulator. Different geological constraints have different effects on each mechanism, while different trapping mechanisms operate on different time scales ranging from instantaneous to tens of thousands of years. The complexity and variation of these trapping mechanisms result in a range of uncertainty when simple capacity estimation methods are used. In addition, storage capacity estimation at specific sites may be closely associated with geological parameters that are usually unknown (e.g. relative permeability). Thus, clear descriptions of surrogate values that are used in the calculations are required.
Case study: CO 2 storage in the abandoned coal mine Table 1 .
It is noted that the isotherms are plotted as ''dry, ash-free (DAF) adsorbed gas content'' versus pressure (Figure 7) . The No.3 coal sample adsorption isotherms show that the Langmuir volumes are 43. 25 and 54.64 m 3 /t for CH 4 and CO 2 , respectively. At the coalbed pressure of 0.85 MPa, the DAF adsorbed gas content for CH 4 is 25 m 3 /t, indicating a relatively high adsorbed gas content for a highrank coal. At the same coalbed pressure of 0.85 MPa, the CO 2 /CH 4 adsorbed ratio is approximately 1.5, a relatively low ratio for a high-rank coal.
35.48 Mt of low volatile coal was mined in the first and second mining areas at a depth of 200 to 500 m, leaving 8 Mt of residual coal in the goaf. These areas were abandoned in 2010 and 2012 ( Figure 8 ). The mined-out volume in the Daning coal mine is estimated at 26.3 Mm 3 . Taking into account a residual volume fraction of 7% according to empirical data, this result in a residual volume of 1.84 Mm 3 . It has been verified that there are well-sealed shafts and sedimentary cover over the Daning coal mine, and no fault fractures for leakage of CO 2 , which is classed as low risk.
From the burial depth and the reservoir temperature of 21 C in the Daning coal mine, the storage of CO 2 is mainly in the free and adsorption state, with negligible water-soluble CO 2 storage. According to the calculation method mentioned earlier, the CO 2 storage capacity of the Daning coal mine under different pressure conditions was obtained under subcritical CO 2 state, and the ability to seal supercritical CO 2 at 35 C and 8 MPa was calculated as contrasted with subcritical CO 2 storage, as shown in the Figure 9 , under subcritical conditions, the storage of CO 2 is mainly in the adsorption state, accounting for more than 75% of the total. For each increment of 1 MPa in the storage pressure, the growth of CO 2 adsorption is slow, but free CO 2 growth is about 50,000 t. Therefore, considering safe storage conditions, account must be taken of the adsorption characteristics of different coal ranks to determine the sealing pressure. When the CO 2 is under supercritical conditions, the amount of free CO 2 will exceed that of adsorbed CO 2 , and the total CO 2 storage potential is about twice that for subcritical CO 2 , due to the high density of supercritical CO 2 . Under supercritical CO 2 storage conditions, when trying to establish the suitability for storage, the high pore pressure should be taken into account in the risk assessment. CO 2 sequestration in and around deep, abandoned coal mines has not yet been carried out anywhere in the world, because it is a new artificial geological structure for underground storage. Special attention must be given to the important issues for further research listed in Table 2 .
Summary CO 2 sequestration in abandoned coal mines is a viable and safe alternative in the long term. The proven track record of abandoned mines for natural gas storage suggests that they may offer alternative solutions for geological storage of CO 2 . CO 2 builds up in the underground void left by the old workings and the residual empty space creates an underground coal mine that is not fully flooded. Also, the remaining coal has a huge surface for CO 2 adsorption. The risks associated with CO 2 storage in abandoned coal mines are mainly geomechanical and hydrodynamic. The geomechanical risks refer to rock fracturing and faults stability during coal mining or CO 2 injection: the rock or fault undergoes a shear failure and conduits are initiated for CO 2 leakage. Hydrodynamic risks refer to fluid displacement in the subsurface, which reduces the volume available for CO 2 to accumulate and forces the CO 2 to migrate to shallower abandoned mine workings. Considering various coal mine properties and in situ conditions, an empirical protocol that can estimate the storage capacity is proposed. CO 2 can be stored in four states as follows: free gas, adsorption, dissolution, and mineral carbonation. The case of gaseous or highly dense CO 2 injected into coal seams is discussed. A predictive model of the sorption behavior of CO 2 under various conditions is provided. There is limited research on abandoned coal mine CO 2 storage. Therefore, further research, especially predictive models for the long-term response, and hence the regional storage capacity, under different geological conditions is needed.
